The sustainable management of dredged waterway sediments requires on-site determination 8 of the main pollutants to facilitate their safe reuse or treatment. Portable X-ray fluorescence (pXRF) is 9 commonly used for similar applications with contaminated soil, but the high water content of dredged 10 sediments precludes any application of standard methods. Measurements for Pb, Zn, Cu and As were 11 performed on-site on raw wet sediments with 50 to 70% water contents during dredging or mapping 12 operations. These results, although two or three times lower than laboratory analyses on the same samples,
INTRODUCTION
Sediments accumulate over time in canals and other waterways. They comprise eroded soil, 
54
Sediment dredging and management may benefit from immediately available measurements in several ways 55 (Lemière et al. 2012a, b) : during sampling operations aimed at the preliminary characterisation of a canal 56 section to be dredged; during dredging operations, at the dredging site or on the boat; after dredging 57 operations, while entering the treatment facility; and after dredging operations, while unloading at the 58 sediment reuse site. In all these situations, the sediment samples have water contents typically between 30 59 and 70% (Dalmacija et al. 2006; unpublished data by VNF (French Inland Waterways) and SPW (Public
60
Service of Wallonia)).
61
However, it may be impractical to dry samples on-site. Measuring the water content on-site is not an 62 easy alternative either: sediments are too fluid for humidity sensors based on pin electrodes or too absorbent 63 for infrared techniques due to their high organic matter content.
64
The purpose of the present study was to: (1) investigate the relationship between water content and measurement reliability; (2) identify practical and reproducible field techniques for drying sediment samples 66 to standard water content, and; (3) establish a viable compromise between measurement quality, handling 67 time and practicality.
68
The robustness, low cost and performance characteristics of pXRF spectrometers enable easier, more 69 flexible operation and more widespread availability in dredging operations than any other instrument.
3

MATERIALS AND METHODS
71
Sample types and preparation
72
On-site analysis of waterway sediments by pXRF was performed at various occasions during 'GeDSeT', a 73 research project on sediment management (Laboudigue et al. 2011; Lemière et al. 2012b) . Portable XRF 74 was therefore used on-site for pollutant characterisation before dredging, during dredging operations, at 75 sediment disposal sites on land and during sediment remediation pilot tests.
76
The evaluation of the suitability of pXRF for waterway sediments was one of the objectives of the 77 project and pXRF testing was performed routinely alongside most project activities. As a consequence, the 78 sample sets studied here are not homogeneous and the results discussed in the present paper were obtained 89 Sediment samples were also tested during pilot tests for remediation. They were partly dehydrated 90 and analysed on-site during pilot tests for sediment processing, including grain size separation and floatation 91 tests (Bréquel et al. 2012) . Dehydration was then performed by manual hand-pressing in tissue paper.
92
Samples collected on-site were further tested in the laboratory, both as raw wet samples and as partly 93 dehydrated samples. This made it possible to compare field measurements on partly dehydrated samples 94 with oven-dried samples and to quantify water losses.
95
For all these sample types and situations, the preparation method was the best one available at the time (LDD). The analysed spot has an average diameter of 8 mm. As part of the standard set-up routine, the 106 analyser was initially calibrated using silver and tungsten shielding on the inside of the shutter and the 107 source count time for the analysis was fixed either at 30 seconds on the main filter (for quick Pb, Zn and Cu 108 pollution identification on the canal) or at 120 seconds using the 3 filters of the pXRF unit (for a total 109 analysis on-site or in the laboratory). All analyses were performed using the soil mode calibration provided 110 by the manufacturer. The actual limit of detection (LOD) for Pb, Zn and Cu is matrix-dependent. An 111 estimate of the LOD is evaluated by the instrument during measurements; it depends also upon detector 4 performance. In a soil-type matrix, it was found to be c. 18, 48 and 80 mg/kg with the XLt999KWY and 8,
113
13 and 20 mg/kg with the XL3t800, respectively, for Pb, Zn and Cu.
114
Laboratory analyses Analyses were carried out by the laboratories of CTP (Tournai, Belgium) and ISSeP
115
(Colfontaine, Belgium). In the laboratory, all samples were homogenized and then split. One sub-sample 116 was dried at 40°C in an oven and milled (< 80 µm). Moisture was determined by weight loss in a separate 117 sub-sample by drying at 105°C overnight. Two options for digestion were available, depending on the 118 purpose of the analysis.
119
In the ISSeP laboratories, all samples were digested in aqua regia (8 ml for 0.5 g) for 45 minutes. For 120 the analyses carried out by the CTP laboratories, a 1 g fraction was digested at 185°C in a digestion bomb was then dissolved in HNO 3 for c. 12 h on a hot plate at 120°C and dried again on a hotplate at 120°C. The 124 dried residue was then dissolved again in HNO 3 . In both laboratories, measurements were performed using 125 ICP-AES.
126
HF digestion can be considered as near-total, while aqua regia digestion is a partial method.
127
However, in waterway sediments, most carrier phases for the elements of interest in this paper are 128 effectively dissolved by aqua regia.
129
QA/QC approach
Measurements were routinely controlled using the reference material built in the Replicate measurements were performed during control measurements in the laboratory after the 135 field trip. The disparity in results is smaller when repeated shots are made without moving the instrument.
136
This suggests that matrix heterogeneity is larger than measurement variability. In this regard, the 137 multiplication of measurements at various points on a given sample significantly improves the 138 reproducibility of the average measurements when compared to single measurements.
139
The evaluation of the analytical uncertainty of each measurement is based only on the uncertainty 140 value reported by the spectrometer for each measurement (i.e. on counting statistics). This statistical 141 uncertainty does not include matrix heterogeneity, to be evaluated with replicate measurements on the 142 sample.
143
RESULTS
144
Analysis of wet sludge
145
Raw sediments with water contents of 60 to 70% were sampled by the CTP laboratories for treatment tests.
146
Sludge samples were measured in their raw condition by pXRF and then progressively dried in a laboratory 147 oven. Zinc, Pb, Cu and As were the main pollutants detected by pXRF. In Figure 4 , 0% refers to the raw 
151
Even if the water content of the sample is high (up to 60%), the metal content in the sample can be 152 measured and there is a linear relationship between this value and the water content (Figure 4) .
Analysis of hand-pressed sediments
154
During two field campaigns, samples were collected, partly dehydrated on-site by manual hand-pressing in 155 tissue paper (Figure 2a ) and then analysed on site (Figure 2b ).
156
The water content reduction was efficient enough to improve the analytical conditions, but it was not 157 possible to obtain the same water content in all samples. In order to determine more precisely the water 158 content in the laboratory (Table 1) , raw and pressed samples were kept in sealed bags during the second 159 campaign.
160
Results by pXRF for As, Cu, Zn and Pb in wet and dried samples are shown in Figure 5 , along with 161 laboratory results by ICP-AES (aqua regia digestion). Arsenic is not reported for some samples because its 162 content is close to or below the LOD (8 mg/kg) of pXRF. For the other elements (Cu, Zn and Pb), the first 163 observations suggest that measured concentrations were roughly proportional to dry matter contents.
164
Measurements on wet samples, corrected by a simple factor based on water content, are displayed together 165 with them.
166
Despite large variations in measured concentrations for wet samples, the ranking of samples for each 167 element is correctly displayed, and corrected measurements provide an acceptable approximation of the 168 order of magnitude of the actual concentrations.
169
Analysis of filter-pressed sediments on-site/after drying/after drying and crushing
170
In order to test further the performance of pXRF on wet sediments, we tried to improve the efficiency of Table 2 : Pb, Zn and Cu measurements of the wet, dry (ICP-AES) and recalculated measurements.
